The tenuous balance between speciation and extinction governs the rise and fall of diversity within clades, from which have emerged the sweeping changes in Earth's standing biodiversity since life's origin (1, 2). In a clade where speciation and extinction are equally likely, net diversity remains constant; when the rate of speciation exceeds extinction, diversity increases exponentially; and when the chance of extinction outweighs speciation, then diversity falls, resulting ultimately in the demise of the clade. Metazoan life diversified rapidly in the Cambrian and Ordovician periods (542-443 Mya), after which short-term extinction events and bursts of radiation overshadowed long-term increases in diversity (3, 4) . This pattern suggests that rates of speciation exceeded extinction during the first phase of metazoan diversification, after which the balance shifted back and forth. A long-standing question is whether clades that have successfully diversified have done so by evolving new traits that confer an advantage allowing them to outperform or outcompete other groups, either by winning battles in evolutionary arms races or otherwise adapting faster than the Red Queen's pace of constant extinction expected in resource-limited environments (5, 6) . In PNAS, Wagner and Estabrook (7) ask whether diversification was associated with the evolution of new traits and, if so, did the probability of speciation go up in clades that have the new trait, did the group's rate of trait evolution go up, did extinction go up in the clades that do not have the trait, or some combination of these. They analyzed 319 trait datasets from metazoan phyla with good fossil records-arthropods, brachiopods, molluscs, echinoderms, and chordates-sampled from the early radiation in the Cambrian to the present day. They found that diversification was linked to trait evolution in all postCambrian clades, but not in the earliest trilobites, and that it was linked to an increase in extinction among the clades that did not evolve new traits.
The analytical challenges for determining whether traits are related to diversification across 319 extinct clades are enormous. Tackled directly, the problem requires identifying the phylogenetic node at which a trait changes, estimating the rates of speciation and extinction inside and outside that node, and repeating the exercise for all traits (8) . The number of candidate trait changes in even one clade is large, 275 in the early tetrapod dataset alone (9) . Furthermore, flaws in the phylogeny can lead to misinterpretations about the link between diversification and traits, and phylogenetic analyzes of extinct metazoan taxa are sparse compared with their immense Phanerozoic diversity. To meet these challenges, the authors approached the problem indirectly by looking at the sequence of trait combinations in temporal series of fossil taxa and the times when clades reached their peak diversity.
Wagner and Estabrook used the concept of character compatibility (10) to simplify their analyses and to avoid relying too heavily on the topologies of potentially erroneous phylogenetic trees. Compatibility analysis was developed in the late 1960s and 1970s as part of the explosion of interest in computerized phylogenetic analysis. Estabrook, who died in 2011, was one of the major contributors to the theory, methods, and algorithms used to identify compatible characters and the socalled "convex" groups that share them (10) (11) (12) . Compatible characters are best understood as those character combinations that do not logically require homoplasy to explain them. Most approaches to phylogenetics test homoplasy (the independent evolution of a trait in two or more taxa) in the context of a specific tree topology. If a character change occurs only once on a tree, it is a uniquely derived synapomorphy, but if it changes more than once it is a homoplasy. Phylogenetic algorithms typically search tree space for the topology that minimizes the number of homoplasies using one criterion or another (13) . Parsimony, for example, finds the topology that strictly minimizes homoplasy and maximizes synapomorphy (14) and maximum likelihood finds the topology that maximizes the probability of the character distributions taking into account that if a character evolves once it is likely to evolve again. Compatibility analysis starts with the character combinations themselves, some of which require homoplasy no matter what the topology (Fig. 1A) . Compatible characters are those that could have evolved without homoplasy on at least some phylogenies, even though they may turn out to have evolved more than once depending on the topology of the true tree. By placing compatibility in a stratigraphic framework in which taxa are distributed through sequences of older and younger rocks, Wagner and Estabrook were able to distinguish cases where lineage splitting (diversification) must have occurred from cases where the observed character changes were compatible with a single lineage evolving through time. Any two characters are compatible if the taxa in the analysis record them in only three of their four possible combinations. An ordering can always be found in which the transformation from one pair of characters to the next never requires a reversal. These compatible orderings are stratigraphically consistent if they also occur in temporal order in the fossil record (Fig. 1B) . If the intermediate pair of characters occurs temporally between the others, then the characters have hierarchical stratigraphic compatibility (HSC). If the intermediate pair occurs before the other two, then the characters have divergent stratigraphic compatibility (DSC), which suggests that character change and diversification occurred. The intermediate pair can also occur later than the other two, in which case it is stratigraphically incompatible. Taking the probabilities of sampling taxa in the fossil record into account, Wagner and Estabrook used simulations of diversification and character evolution to estimate the proportion of HSC, DSC, and incompatible character combinations that are expected when diversification and trait evolution are uncorrelated, when extinction is elevated in taxa that retain ancestral characters, and when speciation is elevated in taxa that possess derived characters. When diversification is independent of trait evolution, examples of HSC are uncommon compared with DSC. The times of maximum diversity (centers of gravity) of taxa possessing HSC or DSC characters also differ between models, as do the expected disparities (character differences) among the clade's members. Knowing the probabilities of these parameters under the different models, Wagner and Estabrook were able to estimate from the character data which models best fit the observations in the 319 clades of metazoans.
Other more direct methods exist for estimating whether diversification is linked to trait evolution. Most approaches involve fitting a model of trait-dependent speciation and extinction to a phylogenetic tree and traits observed in the tip taxa (15) (16) (17) (18) (19) . For example, likelihood can be used to fit a model Wagner and Estabrook found that diversification was linked to trait changes in all clades except Cambrian trilobites, but by increasing the rate of extinction, not speciation.
in which the speciation and extinction rates covary with one or more quantitative traits on a phylogenetic tree of known topology (19) . This method assesses directly whether speciation and extinction are linked to specific traits. Other variants assess whether a specific character transition, the evolution of a key innovation like opposable thumbs, is linked with diversification (17) . The advantages of these methods over Wagner and Estabrook's is that they localize on a tree where diversifying events took place and identify what characters or trait states are associated with them; however, their disadvantages are that they require a fully resolved tree with taxa found only at the tips, which makes them inapplicable to fossil data that lie deep within the nesting structure of the phylogeny. These methods are also weak at detecting changes in extinction rates (19, 20) , which Wagner and Estabrook found to be the most common mode of trait-based diversification in the fossil record. What Wagner and Estabrook sacrificed in terms of biological specificity, they gained in terms of broad applicability to a wide variety of fossil data sets.
Wagner and Estabrook found that diversification was linked to trait changes in all clades except Cambrian trilobites, but by increasing the rate of extinction, not speciation. The evolution of new characters appears not to have directly conferred a speciation advantage on the taxa that acquired them; instead, it conferred a disadvantage on those that did not. This finding is compatible with Van Valen's Red Queen hypothesis that most evolution is driven by competition and that species are constantly in danger of losing their advantage and thus becoming extinct, because of new adaptations in their competitors (5) . Van Valen's analogy was that taxa must run to keep up, just like Lewis Carroll's Red Queen. Van Valen's hypothesis was, however, based a constant rate of extinction within clades. Wagner and Estabrook confirm that extinction is linked to character adaptations in other taxa, but their results suggest that the probability extinction increases when other taxa evolve. Furthermore, their results suggest that the competitive disadvantage conferred by improvements in neighboring species did not exist in the Cambrian, at least not in trilobites. Resources and niche space may have been plentiful enough in the first phase of metazoan evolution that the Red Queen did not apply, no matter what traits evolved in other species.
